Abstract-Accurate characterization of spatial multipath channels at millimeter wave bands is important for system design and performance evaluation of future wireless systems. Channel measurements were conducted at two representative indoor scenarios at 26-30 GHz, i.e., a large unfurnished basement and a small furnished indoor office. A vector network analyzer connected to a rotational directional horn antenna was used in the measurements. Angle-of-arrivals and delay-of-arrivals of the multipath components were obtained from the measurements and compared with ray tracing simulations. Excellent agreement is achieved for the unfurnished basement scenario, where the same clusters were identified in the ray tracing simulations. As for the small furnished office scenario, all the dominant paths are identified as well in the ray tracing simulation, although richer multipath components in the measurement are present.
INTRODUCTION
To cope with the ever increasing demand for high data rates and system capacity of mobile communications, research focus is moving towards the under-utilized spectrum at millimeter wave (mmWave) frequencies [1] . Accurate radio channel characterization at these frequencies is essential for the future 5G mobile communications to become a reality.
New technologies like massive Multiple-Input MultipleOutput (MIMO) take advantage of beamforming techniques to be able to serve users in the same time-frequency slot [2, 3] . The idea is to steer the beams towards the most powerful paths reaching the user, while keeping the interference low. The question arises as how to identify these main paths. One solution is to search for the best paths by continuously steering the beams. However, this solution may fail to rapidly adapt to changes in the environment. In [4] , ray tracing simulations are proposed as an alternative to beam steering in indoor scenarios. With prior knowledge of the geometry of the scenario and location of the user, ray tracing simulations can be conducted to identify potential powerful paths. This information can be stored and later used to cope with fast changes in the environment. For example, if one or more paths are blocked by a human, the beams can be directed towards other powerful paths identified by the ray tracing simulation.
Ray tracing simulations have been utilized to predict multipath propagation characteristics in mmWave bands at various propagation environments. In [5] , 3D-ray tracing simulations in the urban scenarios were performed in both the 2 GHz and 28 GHz bands, where channel parameters of the radio channel model, such as path loss exponent, shadowing variance, delay spread and angle spread, were provided. In [6] , 3D ray tracing simulations were performed for an outdoor scenario at mmWave bands. Ray tracing simulations and channel measurements were compared at mmWave bands to determine the importance of diffuse scattering as well in [4, 7] .
In this paper, measurements at 26-30 GHz in two representative indoor scenarios are compared with ray tracing simulations. The comparison is done in terms of the power angular-delay profile. The first scenario is a large unfurnished basement where a NLOS situation is studied. On the other hand, the second scenario is a typical small furnished office. The impact of a simplified description of the environment is discussed for this scenario.
The paper is organized as follows: Section II describes the measurements setup and environments. The ray tracing tool used in the simulations as well as the simulation scenarios are introduced in section III. Section IV discusses the results obtained, whereas section V concludes the paper.
II. MEASUREMENT

A. Measurement Setup
The measurement setup consists of a wideband Biconical Tx (Transmitter) antenna, a wideband horn Rx (Receiver) antenna and the VNA (Vector Network Analyzer). As shown in Fig. 1 , the received signal was down-converted to avoid excessive cable losses and phase instability. Calibration was performed up to the antennas to exclude the Tx and Rx chain from the results. The Rx antenna was mounted on a rotating pedestal, which performed a full azimuth rotation in 36 steps, with a step of 10 degrees.
The Biconical antenna has a frequency range of 2 -30 GHz. Its radiation pattern is close to omnidirectional in the azimuth plane, and its gain is approximately 5. Measurements were performed in two different rooms, namely, a large empty basement and a small office. In the basement, a bandwidth of 2 GHz centered around 29 GHz was used, giving a delay resolution of 0.5 ns. Moreover, 750 frequency points were used in the measurements limiting the maximum delay to 375 ns or a maximum distance of 112.5 m. In the small office, to have finer resolutions in delay domain to identify multipath components, a bandwidth of 4 GHz centered on 28 GHz was used, which results in a delay resolution of 0.25 ns. In this case, 1500 frequency points were selected. That is, we have a maximum delay of 375 ns as well.
Note that both Tx and Rx antennas were placed at the same height during the measurements, with 81 cm for the empty room and 91 cm for the small furnished office, respectively.
B. Measurement environments
As previously mentioned, measurements were performed in a large empty basement and a small office. Pictures of these environments are shown in Fig. 2 and Fig. 3 , respectively.
The large empty room shown in Fig. 2 is a very open room located in a basement. Floor, ceiling and walls are made of thick and solid concrete. There are a few wooden doors along the corridor wall. There is also a small window and metal radiator on the wall opposite to the corridor. However, those small details are not modeled in the ray tracing simulations, as explained later. Note that a non-line of sight scenario was selected in the measurement, as shown in Fig. 2 and Fig.4 .
In the small furnished office shown in Fig. 3 , there are several desks, chairs and monitors, as well as wooden cabinets next to the desks. Metal shelves and a whiteboard are mounted on the wall, resulting in areas with different reflection coefficients than the drywall. The Rx antenna was placed close to the windows, whereas the Tx antenna was placed close to the center of the room as illustrated in Fig. 3 and Fig.5 . This location was measured in three different scenarios. LOS Obstructed LOS with metal block; a metal plate of 42cmx42cm was placed to block the LOS between Rx and Tx. Obstructed LOS with human block; the metal plate was replaced by a person to block the LOS at the same location. 
III. RAY TRACING SETUP
A. Ray Tracing modelling
The 3D ray tracing tool "3D Scat" implemented by Bologna University was used in the study [8, 9] . The two rooms are modelled in the Ray tracing tool, both with a simplified description of the environment. The large empty room consists mainly of walls, ceiling and floor made from concrete. Details such as wooden doors, a small window and the ventilation tubes in the ceiling are not modeled. This leaves a very simple model of the room as is shown in Fig.4 . 
B. Simulation parameters
Both simulations include only specular reflections and diffractions. The maximum number of total interactions is set to 6, with a maximum of 6 reflections and 2 diffractions. A restriction of 4 interactions applies when there is both reflection and diffraction in the same ray. A power threshold is set to 200 dB. Note that diffuse scattering effect was not considered in the investigation in the paper. Fig.6 shows the power-angular-delay profile for the measurements and the ray tracing simulation in the large empty room. Although some clusters (paths with similar angles and delay) can be identified, the measured powerangular-delay profile is quite sparse in both delay and angle domains, with only a few dominant paths. We can see that measurements and simulations show a remarkable agreement, where most paths within 35 dB dynamic range were identified in the ray tracing simulations. An illustration of the path trajectories in the ray tracing tool is shown in Fig. 7 . The paths in the first two clusters are spread in delay, which is caused by the reflections back and forth inside the corridor before entering the open area. This also causes a small spread in the angular domain for the clusters. The paths from the third cluster are similar to the first two clusters. However, it is formed by two different path trajectories as shown in Fig.7 . The paths in the fourth cluster are more limited in both delay and angle as all rays have very similar trajectories, as shown in 
IV. RESULT COMPARISON
A. Large emtpy room
B. Small office
The measured power-angular-spectrum for the three scenarios for the small office is shown in Fig. 8 . As we can see, multipath components identified in the LOS and O-LOS (metallic block and human block) scenarios are quite similar, except the paths impinging the Rx in LOS directions, which are blocked. In Fig. 8 , the first arriving components with human and metal obstruction are compared to the non-obstructed LOS measurement. The person, which is blocking the LOS component, attenuates the first arriving component from -47.1 to -62.7 dB. The person is then replaced by a metal plate, and further attenuates the first arriving component to -68.7 dB. Though physically smaller than the human, the metal plate is a better block, with 6 dB more attenuation than the human. It can be seen in Fig. 8 that the first arriving component at -90 degree and some reflections directly behind the Rx at 90 degree around 14 and 16.5 ns are attenuated by the obstruction. Paths of other angles are not affected as they are not blocked by the obstruction. In Fig. 9 the power-angular-delay profile for an obstructed NLOS scenario (with metallic block) in the small office measurement is shown. Note that the power dynamic range is set according to the measurement results. In spite of being more difficult to identify specific trajectories in this scenario, the strongest ones, numbered 1-5, are all present in the ray tracing simulated results. These trajectories are also marked and numbered in Fig. 10 , where the rays from the simulation are shown. These trajectories are easily recognizable and match the measurements in both angle and delay domains. If we compare the power of the paths in the measurements to the ray tracing simulation, we can see that is fits closely for several paths, yet not for all of them. This could be a consequence of the simplification of the model or a mismatch of the material properties applied. There are two paths right behind the first arriving component at around 8-9 ns. These paths are the two most significant trajectories missing in the simulation. This is due to the fact that these paths come from the chairs in front of the desks, which were not modeled.
Moreover, a richer multipath environment can be observed for the measured results, with many more paths present in the delay and angle domain. This might be due to a stronger diffuse scattering from objects, which is not modeled in the ray tracing simulation. This effect will be further investigated in future work. 
V. CONCLUSION
In this paper, we have compared the angular-delay power spectrum extracted from measurements at mmWave frequencies with ray tracing simulations for two different indoor environments, namely a big empty room and a small furnished office.
In the large empty room, the measurement was performed in a NLOS situation. Results show that the most powerful paths were grouped in clusters in the measurements. The agreement achieved with the ray tracing simulation is remarkable, as all clusters and paths trajectories were successfully identified. In the small furnished office, the comparison between the measurements and ray tracing simulations using the metallic block to obstruct the LOS component has been shown as well. In this case, some of the furniture was modeled in the simulation. The most dominant components are identified by the simulation, and only a couple of dominant paths are missing due to the simplification of the model. Further investigation is necessary to determine whether one or more factors can further improve the results. Possible causes of the mismatch are lack of detail in the model, the absence of diffuse scattering or mismatch of the material properties.
